We investigate the phase structure of two-color QCD at both real and imaginary chemical potentials (µ), performing lattice simulations and analyzing the data with the Polyakov-loop extended Nambu-Jona-Lasinio (PNJL) model. Lattice QCD simulations are done on an 8 3 × 4 lattice with the clover-improved two-flavor Wilson fermion action and the renormalization-group improved Iwasaki gauge action. We test the analytic continuation of physical quantities from imaginary µ to real µ by comparing lattice QCD results calculated at real µ with the result of analytic function the coefficients of which are determined from lattice QCD results at imaginary µ. We also test the validity of the PNJL model by comparing model results with lattice QCD ones. The PNJL model is good in the deconfinement region, but less accurate in the transition and confinement regions. This problem is improved by introducing the baryon degree of freedom to the model. It is also found that the vector-type four-quark interaction is necessary to explain lattice data on the quark number density.
I. INTRODUCTION
Exploration of QCD phase diagram is one of the most important subjects in not only nuclear and particle physics but also cosmology and astrophysics. However, due to the complexity of fermion determinant, the first principle calculation, i.e., lattice QCD (LQCD) simulations are quite difficult at high quark number chemical potential µ. The QCD partition function Z at finite temperature T and finite µ is expressed by
where U µ (µ = 1, 2, 3, 4) and S G are the link variables and the pure gauge action, respectively, and M (µ) is written as
with the covariant derivative D µ and the quark mass m in the continuum limit. For later convenience, we regard µ as a complex variable. It is easy to verify
Hence, the fermion determinant det[M (µ)] is not real when µ is real, and the importance sampling technique does not work in the Monte Carlo simulations there. This is the wellknown sign problem. Several methods were proposed so far to resolve this problem; these are the reweighting method [1] , the Taylor expansion method [2, 3] , the analytic continuation from imaginary µ to real µ [4] [5] [6] [7] [8] [9] [10] , the complex Langevin method [11] [12] [13] and the Lefschetz thimble theory [14, 15] . However, these are still far from perfection. On the contrary, in two color QCD (QC 2 D), the lattice simulations can be made at real and finite µ, since the theory has no sign problem [16] [17] [18] [19] . In fact, the following relation is obtained:
where t 2 and C = γ 2 γ 4 are the second Pauli matrix in color space and the charge conjugation matrix, respectively. Obviously, det[M (µ)] is real when µ is real. Recently, Hands et al. analyzed the phase structure of QC 2 D in a wide range of real µ by using two-flavor Wilson fermions [20, 21] . QC 2 D can be also used to check the validity of methods proposed to resolve the sign problem. In fact, Cea et al. [22, 23] tested the validity of analytic continuation from imaginary µ to real µ with staggered fermions. Equation (3) shows that det[M (µ)] is real when µ is pure imaginary, i.e., µ = iµ I = iθT for real variables µ I and θ, so that LQCD simulations are feasible there. Observables at real µ are extracted from those at imaginary µ with analytic continuation. In the analytic continuation, we must pay attention to the structure of phase diagram in the imaginary µ region where QCD has two characteristic properties, the RobergeWeiss (RW) periodicity and the RW transition [24] . The QCD grand partition function has a periodicity of 2π/N c in θ:
for integer k and the number of color N c . This periodicity was found by Roberge and Weiss and is then called the RW periodicity. Roberge and Weiss also showed that a first-order phase transition occurs at T ≥ T RW and θ = (2k + 1)π/N c . This transition is named the RW transition, and T RW is slightly larger than the pseudo-critical temperature T c0 of deconfinement transition at zero µ. These features are remnants of Z Nc symmetry in the pure gauge limit. These properties are confirmed by LQCD simulations [4-10, 22, 23] . The RW periodicity does not mean that Z Nc symmetry is exact. Hence, there is no a priori reason that the order parameter for Z Nc symmetry such as the Polyakov loop Φ is zero in the confinement phase. In fact, in the case of N c = 3, the Polyakov loop is always finite even in the confinement phase, when T is finite. However, the case of N c = 2 is special [22] . In this case, the action and the boundary conditions are invariant at µ I /T = (2k + 1)π/2 under the CZ 2 transformation composed of the Z 2 transformation and charge conjugation C [25] . Due to this symmetry, the Polyakov loop becomes zero at low T when µ I /T = (2k + 1)π/2. Paying attention to these characteristic features, Cea et al. [22, 23] analyzed the validity of analytic continuation in QC 2 D and found that lattice QC 2 D (LQC 2 D) data at real µ can be described by a suitable analytic function, when the coefficients of analytic function are determined from LQC 2 D data at imaginary µ.
The results of LQCD at imaginary µ are also useful to determine the parameters of effective models, such as the Polyakov-loop extended Nambu-Jona-Lasinio (PNJL) model [26] [27] [28] [29] [30] [31] [32] . Here we call this approach "imaginary chemical potential matching approach" [33] . It is known that the PNJL model can reproduce the results of LQCD at imaginary µ, at least qualitatively, since the model has the RW periodicity and the RW transition [34, 35] . It was proposed [36] that the strength G v of vector-type four-quark interaction [37, 38] , which is expected to be important for the physics of neutron stars, may be determined from LQCD data at imaginary µ; for the relation between neutron star properties and G v , see Ref. [39] and references therein. In Refs. [40] and [41] , in fact, G v is determined with this prescription. The validity of such a determination of parameters in effective models can be checked in QC 2 D.
In this paper, we study the phase structure of QC 2 D at both real and imaginary µ by performing simulations on an 8
3 × 4 lattice with the renormalization-group improved Iwasaki gauge action [42, 43] and the clover-improved twoflavor Wilson fermion action [44] and analyzing the QC 2 D data with the PNJL model. We first test the analytic continuation from imaginary µ to real µ by comparing LQC 2 D data calculated at real µ with the result of analytic function the coefficients of which are determined from LQC 2 D data at imaginary µ. Such a test was tested in Refs. [22, 23] with staggered fermions. Here the test is made with clover-improved Wilson fermions by assuming a polynomial series in the deconfinement phase and a Fourier series in the confinement phase.
We second test the validity of the PNJL model by comparing LQC 2 D results with model ones. The PNJL model is good in the deconfinement region, but less accurate in the confinement region. This problem is improved by introducing the baryon degree of freedom to the model. It is also found that the vector-type four-quark interaction is necessary to explain QC 2 D data on the quark number density n q . This paper is organized as follows. Section II presents the lattice action and the parameter setting used in our LQC 2 D simulations. The definition of physical quantities is also presented. In Sec. III, the PNJL model is recapitulated. In Sec. IV, numerical results of LQC 2 D are shown and the analytical continuation of physical quantity from imaginary µ to real µ is tested. Comparison between LQC 2 D data and PNJL results are made in Sec. V. Section VI is devoted to a summary.
II. LATTICE SIMULATIONS

A. Lattice action
We use the renormalization-group-improved Iwasaki gauge action S G [42, 43] and the clover-improved two-flavor Wilson quark action S Q [44] defined by
where q is the quark field, β = 4/g 2 , c 1 = −0.331, c 0 = 1 − 8c 1 , and
Here κ is the hopping parameter, F µν is the lattice field strength and F µν = (f µν − f † µν )/(8i) with f µν the standard clover-shaped combination of gauge links.
The coefficient c sw of clover term is determined by using a result obtained in a perturbative mean-field improved value c sw = P −3/4 [45] with the plaquette P calculated in one-loop perturbation theory, P = 1 − 0.3154β −1 for N c = 2 [46] .
B. Parameter setting for simulations
We denote temporal and spatial lattice sizes as N t and N s , respectively. The Hybrid Monte-Carlo algorithm is used to generate full QC 2 D configurations with two-flavor dynamical quarks. The simulations are performed on a lattice of N 3 s × N t = 8 3 × 4. The step size of molecular dynamics is δτ = 0.02 and the step number of the dynamics is N τ = 50. The acceptance ratio is more than 95%. We generated 10,000 trajectories and removed the first 5,000 trajectories as thermalization for all the parameter set. The relation of parameters κ and β to the corresponding T /T c0 is determined by finding the line of constant physics where the ratio of the pseudoscalar (PS) meson mass m ps to the vector meson mass m v at T = µ = 0 are invariant; see Table I Tc0 is the pseudocritical temperature at µ = 0. In this parameter setting, the lattice spacing a is about 1.38 ∼ 1.96 GeV −1 and the ratio mps/mv is 0.8 at T = 0.
C. Physical observables
In this paper, we calculate the Polyakov loop (Φ), the quark number density (n q ) and the chiral condensate (σ). The quark number density is calculated by
where V is the spatial volume, and σ is by
where q is quark field and the O is the average value of physical quantity O. The chiral condensate suffers from the renormalization, and chiral symmetry is explicitly broken by Wilson fermions. This makes it difficult to deal with the absolute value of chiral condensate itself. We then consider a variation
The Polyakov-loop operator is defined by
with link variables U µ ∈ SU(2). The average value Φ of L is related to the single static-quark free energy F q as
The Polyakov loop Φ is an order parameter of the confinement/deconfinement transition if m is infinitely large. In fact, if F q is finite (infinite), Φ is finite (zero). The symmetry associated with the confinement/deconfinement transition is Z 2 symmetry under the transformation
where z 2 is the element of Z 2 group that depends only on the temporal coordinate t. Pure gauge action is invariant under this transformation while L is not. Hence, Φ = L is an order parameter of Z 2 symmetry breaking. Effects of dynamical quark break Z 2 symmetry explicitly and Φ is not a proper order parameter of confinement/deconfinement transition. As mentioned in the previous section, however, at θ = (2k + 1)π/2 the system is symmetric under the CZ 2 transformation [25] . Hence, Φ becomes an order parameter of the combined symmetry there.
III. PNJL MODEL
Two-color QCD has Pauli-Gürsey symmetry in the limit of m = µ = 0 [47, 48] . The PNJL Lagrangian of QC 2 D is so constructed as to have the symmetry and is given by [25, 49] 
where q, m, t i , τ i , G, G 8 , G v are the two-flavor quark fields, the current quark mass, the Pauli matrices in the color and the flavor spaces, the coupling constants of the scalar-type fourquark interaction, the scalar-type eight-quark interaction and the vector-type four-quark interaction, respectively. The potential U is a function of Φ. The mean-field approximation leads us to the thermodynamical potential Ω as [49] 
with
where N f is the number of flavors, and∆ = | q T Ciγ 5 τ 2 t 2 q | is the diquark condensate. The E ± p are defined by
where
, and sgn(E p ±μ) is the sign function. When m = µ = 0, Ω becomes invariant under the rotation in σ-∆ plane as a consequence of Pauli-Gürsey symmetry. Usually, G and G 8 are assumed to be constant. However, they may depend on Φ [50] . Here we consider Φ-dependent G and G 8 defined by
where G 0 , G 8,0 and α are constant parameters. In the Polyakov gauge, Φ is given by
for real number φ. Following Ref. [49] , we take the Polyakovloop effective potential of the form
As will be mentioned in the next section, we determine these parameters to reproduce LQC 2 D data on n q at β = 0.75 and the pseudo-critical temperature T c0 = 146 MeV at µ = 0. Because this model is nonrenormalizable and the first two terms in Ω are divergent. We then regularize them by introducing a three-dimensional momentum cutoff as
The mean fields X = σ, ∆, n q , Φ are determined from the stationary conditions ∂Ω ∂X = 0.
We found that ∆ is always zero at the temperature and the density we treat in this paper.
There are six parameters in the NJL sector of the PNJL model. The values of m, G 0 , G 8,0 and Λ are chosen to reproduce the vacuum property in LQC 2 D simulations. The values of G v and α are chosen to reproduce LQC 2 D data on n q ; see Sec. IV. Table II shows the parameter set used in this paper. 
IV. ANALYTICAL CONTINUATION OF PHYSICAL QUANTITIES
A. Analytical continuation
In this section, we show the numerical results of LQC 2 D simulations and perform the analytical continuation of physical quantities from the region at imaginary µ to the region at real µ, and finally examine the validity of analytical continuation. Figure 1 shows T dependence of Φ for several values of µ ≡ µ/T from iπ/2 to 1.2. For all the cases exceptμ 2 = (iπ/2) 2 = − (π/2) 2 , Φ increases smoothly as T goes up. The deconfinement transition is thus crossover there. This property is the same as in QCD with three colors [51] . For eachμ 2 , the pseudo-critical temperature T c (μ 2 ) (or β c (μ 2 )) is defined by the temperature where the susceptibility of Φ becomes maximum. It is found from LQC 2 D simulations at µ = 0 that T c0 ≡ T c (0) = 146 MeV. As forμ 2 = (iπ/2) 2 , Φ is almost zero below T = 1.12T c0 and increases rapidly above T = 1.14T c0 . This indicates that the transition is the second order. As mentioned in Sec. I, atμ = iθ = iπ/2 the system is symmetric under the CZ 2 transformation, and Φ as an order parameter of spontaneous breaking of the symmetry is zero below T RW and finite above T RW . Therefore, T RW is located somewhere in a range of T = 1.12 ∼ 1.14T c0 . Figure 2 shows the pseudo-critical line β c (μ 2 ) inμ 2 -β plane, and it is found that β c (μ
2 ) is 1.16T c0 and slightly larger than T RW estimated above. This inconsistency is understood as follows. In our calculations, β dependence of the Polyakov-loop susceptibility is calculated every 0.01 for each value ofμ 2 , and the data are fitted with a Gaussian function and the value of β c (μ 2 ) is evaluated as the point where the Gaussian function becomes maximum. The Gaussian fitting is, however, not valid in the vicinity of singular point (the endpoint of RW phase transition). We then adopt the value 1.12 ∼ 1.14T c0 as T RW . Now we test the analytic continuation from imaginary µ to real µ for the cases of β = 0.75, 0.70, 0.65 and 0.60 that correspond to T /T c0 = 1.18, 1.06, 0.96, 0.88, respectively. The system is in the deconfinement (D) phase at β = 0.75, while it is in the confinement (C) phase at β = 0.60. At β = 0.70 (0.65), the system is in the C-phase whenμ 2 < −1.15 (1.35) and in the D-phase whenμ 2 > −1.15 (1.35). For each temperature, we then use different analytic functions as explained below [22, 23, 52] . 
TRW < T (β = 0.75)
At this temperature, due to the existence of RW transition, physical quantities cannot be described by any continuous periodic function. Hence we use a polynomial series of the form
forμ-even quantities Φ and σ, where A, B, C are expansion coefficient. For aμ-odd quantity n q , we use
or
2. Tc0 < T (β = 0.70) < TRW At this temperature, the system is in the D-phase when µ 2 > −1.15. We then use the same polynomial series as in the case of β = 0.75, but consider only the region −1.15 <μ 2 ≤ 0 as a fitting range. For Φ and σ, we use only the quadratic function (26) , since the number of data we can use is small.
At this temperature, the system is in the C-phase at imaginary and zeroμ. Hence, it is expected that physical quantities can be well described by continuous periodic functions. Since Φ(θ) is θ-even and has a periodicity of 2π in θ = Im(μ), we use the following Fourier series
for Φ. Note that the terms of cos(2θ) and cos(4θ) as well as the constant term are excluded, since
The chiral condensate σ(θ) is a θ-even and periodic function with a period π. We then use the following Fourier series
for σ. The quark number density n q (θ) is a θ-odd and periodic function with a period π. We therefore use the following Fourier series
for n q . Note that, in the case of β = 0.65, the system is in the D-phase whenμ 2 > 1.35. Hence, the Fourier series in which the coefficients are determined from LQCD data at imaginarŷ µ and zeroμ = 0 may not work there.
Pseudo-critical line
The pseudo-critical line β c (μ 2 ) isμ-even. We then use the polynomial series (26) and (27) .
B. Quark number density
First we consider the analytic continuation of n q . Figure 3 showsμ 2 dependence of (n q /T ) 2 for several values of T . The analytic continuation has errors coming from LQCD data at zero and imaginaryμ. We then plot the upper and lower bounds of analytic continuation by a pair of same lines. The (n q /T ) 2 are smooth atμ = 0, as expected. This is true for δσ and Φ, as shown later. This guarantees that the analytic continuation from imaginaryμ to realμ is possible.
At β = 0.75 (T /T c0 = 1.18), the system is in the D-phase and hence the polynomial series is used. The coefficients determined from LQCD data at imaginary µ are tabulated in Table III (a) of Appendix A. The polynomial series up toμ 3 well reproduces LQC 2 D data in a wide range of 0 ≤μ 2 ≤ (1.2) 2 . Note that the analytic function deviates from LQC 2 D data near the first-order RW phase transition present at T > T RW andμ 2 = −(π/2) 2 . At β = 0.70 (T /T c0 = 1.06), the system is in the Cphase whenμ 2 < −1.15, while it is in the D-phase otherwise. Hence, we use only seven data in a range ofμ 2 = −1.15 ∼ 0 to determine the coefficients of polynomial series. The coefficients of the function are tabulated in Table III At β = 0.60 (T /T c0 = 0.88), the system is in the C-phase. Therefore, we use the Fourier series. The coefficients of the function are tabulated in Table III 
. Comparing four cases of T /T c0 with each other, one can see that the analytic continuation is reasonable at higher T /T c0 where the system is always in the D-phase whenμ 2 varies from −(π/2) 2 to (1.2) 2 and at lower T /T c0 where the system is always in the C-phase whenμ 2 varies from −(π/2) 2 to (1.2)
2 . Near T /T c0 = 1, however, the system changes from the C-phase to the D-phase asμ 2 varies from −(π/2) 2 to a positive value. A simple analytic function cannot follow the complicated change properly. Therefore, the analytic continuation is reasonable except for the vicinity of deconfinement crossover. Figure 4 showsμ 2 dependence of δσ for several values of T . Again, the upper and lower bounds of analytic continuation are shown by a pair of same lines; see Table III for the coefficients of analytic function determined from LQC 2 D data at imaginary µ. As for δσ, one can made the same discussion as in Sec. IV B for n q , as shown below, although the analytic function taken in the C-phase is a cosine function.
C. Chiral condensate
At β = 0.75 (T /T c0 = 1.18), the polynomial series up tô µ 2 well reproduces LQC 2 D data calculated at realμ in a wide range of 0 ≤μ 2 ≤ (1.2) 2 . At β = 0.70 (T /T c0 = 1.06), the system is in the C-phase whenμ 2 < −1.15, while it is in the D-phase otherwise. Hence, we can use only three data in a range ofμ 2 = −1.15 ∼ 0 to determine the coefficients of analytic function and then use the quadratic function only. The function is consistent with LQC 2 D calculated at realμ in a wide range of 0 ≤μ 2 ≤ (1.2) 2 . At β = 0.65 (T /T c0 = 0.96), the system is in the C-phase whenμ 2 < 1.35, while it is in the D-phase otherwise. Hence, we use the Fourier series. The analytic functions is not consistent with LQC 2 D data calculated at realμ whenμ 2 > 0.4. As mentioned in the case of n q , this failure at largeμ may show that the system is in the D-phase there and the Fourier series becomes less reliable. At β = 0.60 (T /T c0 = 0.88), the system is in the C-phase. Hence, we use the Fourier series. The analytic functions are consistent with LQC 2 D data calculated at realμ in a range of 0 ≤μ 2 < 0.8
D.
Polyakov loop Figure 5 showsμ 2 dependence of Φ at several values of T . Again, the upper and the lower bounds of analytic continuation are shown by a pair of same lines; see Table III for the coefficients of analytic function. As for Φ, one can make the same discussion qualitatively as in Sec. IV C for δσ. Figure 6 shows the transition line of deconfinement crossover inμ 2 -β plane. The pseudo-critical β c (μ 2 ) atμ 2 = 0 is about 0.67. We consider the polynomial series the coefficients of which are obtained from LQC 2 D data at imaginary µ and tabulated in Table IV of Appendix A. The polynomial series up toμ 2 well reproduces LQC 2 D data at 0 ≤μ 2 < 0.8, but deviates atμ 2 > 0.8. The polynomial series up toμ 4 is consistent with LQC 2 D data even atμ 2 > 0.8, but the difference between the upper and lower bounds of analytic continuation is large. Therefore, we should consider that the analytic continuation of the pseudo-critical line is reasonable at 0 ≤μ 2 < 0.8. 
E. Pseudo-critical line
V. COMPARISON OF PNJL MODEL WITH LQC2D DATA
A. Parameter setting
In this section, we compare results of the PNJL model with LQC 2 D data to test the validity of the model. For this purpose, we first fix the parameters of the model. For the NJL sector, the parameters have already been determined in Sec. III. We then fix the remaining parameters a, b, α and G v here. Figure 7 shows T dependence of n q divided by its StephanBoltzmann (SB) limit n SB for several values ofμ 2 from −(π/2) 2 to (1.2) 2 . LQC 2 D results include a lattice artifact due to finite volume and spacing. The artifact is expected to be reduced in n q /n SB . For all the values ofμ 2 , the ratio n q /n SB increases as T increases. Now we determine the parameters a, b, α and G v from n q at the highest T in the present analyses, i.e., at β = 0.75 (T /T c0 = 1.18). One reason is that the PNJL model is essentially a model for quark dynamics and it may work better at higher T than at lower T . Another reason is that n q does not need the renormalization and is sensitive to the value of G v . Figure 8 showsμ 2 dependence of n q /n SB at β = 0.75 at imaginary µ. Asμ 2 decreases, the chiral symmetry breaking becomes stronger and the effective quark mass M becomes larger [34] , so that n q /n SB decreases. We searched the parameters a, b, α and G v so as to reproduce both the result of Fig. 8 and T c0 = 146 MeV. The parameters thus obtained are shown in Table II of Sec. III. It is interesting that the vector interaction is needed to reproduce LQC 2 D results data at imaginary µ. In fact, the model with G v = 0.15G 0 (solid line) yields better agreement with LQC 2 D data than the model with G v = 0 (dotted line). This method may work as a way of determining the vector coupling also in realistic QCD with three colors [36, 40, 41] .
T dependence of Φ is shown in Fig. 9 for three cases of Figure 10 showsμ 2 dependence of n q /n SB at β = 0.75 (T /T c0 = 1.18). As mentioned in the previous subsec-tion, we have used LQC 2 D on n q /n SB at β = 0.75 and imaginary µ to determine the parameter set of the PNJL model. The parameter set thus determined well reproduces LQC 2 D data even at real µ. This ensures the assumption that the PNJL model is valid at high T . Also note that the PNJL model with G v = 0 fails to reproduce LQC 2 D data at real µ, while the PNJL model with G v agrees with the LQC 2 D data even at real µ. The imaginary chemical potential matching approach is thus a promising method. Figure 11 shows the same as Fig. 10 but for β = 0.70 (T /T c0 = 1.06). On the left (right) side of the vertical thin dotted line, the system is in the C-phase (D-phase). The PNJL result (solid line) underestimates LQC 2 D data sizably in the C-phase. To improve this, we consider free "baryons" and assume that the baryons have the same degrees of freedom as PS mesons, and add a contribution of free baryon gas to the PNJL results. Note that, in QC 2 D, the baryon is a boson consisting of two quarks. According to Ref. [18] , the scalar baryon with the same degree of freedom as the PS meson has almost the same mass as the PS meson. Hence, we use the baryon mass m B = m ps = 616MeV. In this way, the baryon contribution to n q is given by
B. Quark number density
where E B = p 2 + m B 2 , g = 3 is the degree of freedom and the factor 2 in front of g comes from the fact that the baryon is composed of two quarks. This modification improves agreement with LQC 2 D particularly in the C-phase, but not in the D-phase. This implies that baryons disappear in the D-phase at least partially. Figure 12 shows the same as Fig. 10 but for β = 0.65 (T /T c0 = 0.96). The system is in the C-phase on the More precisely, the PNJL+baryon model overestimates LQC 2 D data also in the C-phase near the thin dotted line. This fact may imply that a repulsive force works between baryons there. It is well known that such a repulsive force suppresses the baryon number density in realistic nuclear matter. Figure 13 shows the same as Fig. 10 but for β = 0.60 (T /T c0 = 0.88). The system is in the C-phase and the PNJL model largely underestimates LQC 2 D data, but it is improved by the PNJL+baryon model. We can therefore conclude that baryon effects play an important contribution to n q , whenever the system is in the C-phase. 
C. Chiral condensate
As mentioned in Sec. II C, the renormalization is necessary for the chiral condensate. The PNJL results are then simply multiplied by a normalization factor 1.92 so that the results can reproduce LQC 2 D data at β = 0.75 (T /T c0 = 1.18) and µ 2 = (iπ/2) 2 . This choice of normalization is natural, since the PNJL model is a quark model and is expected to be more reliable at higher T . Figure 14 showsμ 2 dependence of δσ at β = 0.75 (T /T c0 = 1.18). At this temperature, the system is in the D-phase, and the PNJL model well reproduces LQC 2 D data even at real µ. Figures 15 and 16 showμ 2 -dependence of δσ at β = 0.70 (T /T c0 = 1.06) and β = 0.65 (T /T c0 = 0.96), respectively. On the left side of the thin vertical dotted line the system is in the C-phase, while it is in the D-phase on the right side. The PNJL model (solid line) is consistent with LQC 2 D data in the D-phase, but not in the C-phase. In order to improve this disagreement in the C-phase, we add baryon effects to the PNJL model again:
where we assume 2 -dependence of δσ at β = 0.60 (T /T c0 = 0.88). At this temperature, the system is in the C-phase. The PNJL+baryon model (dashed line) yields better agreement with LQC 2 D than the PNJL model (solid line) in the whole region ofμ 2 ; note that δσ is always zero atμ = 0 by the definition (12) . Thus, baryon effects are important in the C-phase not only for n q /n SB but also for δσ. 
VI. SUMMARY
We studied the phase structure of QC 2 D at both real and imaginary µ by using an 8 3 × 4 lattice with the renormalization-group improved Iwasaki gauge action [42, 43] and the clover-improved two-flavor Wilson fermion action [44] . The Polyakov loop, the chiral condensate and the quark number density were calculated at 0.86 ≤ T /T c0 ≤ 1.18 and −(π/2) 2 ≤μ 2 ≤ (1.2) 2 . These quantities are smooth atμ = 0, as expected. This guarantees that the analytic continuation of physical quantities from imaginaryμ to realμ is possible.
Accuracy of the analytic continuation was tested in Refs. [22, 23] with staggered fermions. In this paper we have made similar analyses with clover-improved Wilson fermions by assuming a polynomial series ofμ in the deconfinement phase and a Fourier series in the confinement phase, where coefficients of the series were determined at imaginary µ. As for the quark number density at T /T c0 = 1.18 corresponding to the 2 ≤μ 2 ≤ (1.2) 2 asμ 2 increases with T fixed. This is true for other quantities such as the Polyakov loop and the chiral condensate.
We have tested the validity of the PNJL model by comparing model results with LQC 2 D ones, where the model parameters are fitted to the quark number density at T /T c0 = 1.18 and imaginary µ. As for the transition line of deconfienment crossover, the model result agrees with LQC 2 D one. More precisely, the agreement is not perfect in the vicinity of RW transition line and the large-μ 2 region of (μ) 2 ≈ (1.2) 2 . It is interesting whether the PNJL model can reproduce LQC 2 D data in the largeμ 2 region as soon as the model is improved to reproduce LQC 2 D data near the RW transition line. A possible candidate of the improvement is a fine tuning of the Polyakov-loop potential U(Φ).
In the deconfinement region of T /T c0 = 1.18, the PNJL model yields good agreement with LQC 2 D data at both real and imaginary µ for the quark number density, the chiral condensate and the Polyakov loop. The agreement particularly at real µ indicates that the PNJL model is reliable in the deconfinement region. In the transition region of T /T c0 ≈ 1, the agreement of the PNJL model with LQC 2 D data is not perfect. As for the quark number density and the chiral condensate, however, the deviation can be reduced in the confinement area appearing at smallerμ 2 by introducing baryon degree of freedom to the PNJL model. In the deconfinement area appearing at largerμ 2 , on the contrary, the model overes-timates LQC 2 D results if the baryon contribution is taken into account. This means that baryons disappear at least partially in the deconfinement area. Also in the confinement region of T /T c0 = 0.88, the baryon degree of freedom is important. As for the Polyakov loop, the disagreement between PNJL and LQC 2 D results in the confinement area cannot be solved by the baryon contribution. Of course, this comes from the fact that the Polyakov-loop potential is not changed by the baryon contribution in the present framework. The improvement of PNJL model along this line is interesting. The present analysis also shows that the vector-type fourquark interaction is necessary to explain LQC 2 D data on the quark number density. This fact indicates that also in the realistic case of three colors the strength of vector-type interaction can be determined from LQCD data at imaginary µ [36, 40, 41] . Although the lattice we used is quite coarse and the number of LQC 2 D data is limited, the present results surely show that the imaginary-µ matching approach [33] is a promising approach to thermodynamics of QCD at finite µ.
In this paper, we consider only the µ-region where the diquark condensate is zero. Quantitative check of our effective model in the region [19] [20] [21] is also interesting. 
